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Abstract
Background Hypoxia induces vascular endothelial injuries; however, the mechanisms involved and effects of interventions
remain unclear.
Objective Investigate the inflammatory response and oxidative stress in co-cultured neutrophils and vascular endothelial cells,
apoptotic changes in endothelial cells, and effects of the antioxidant, Tempol, or the NF-êB inflammatory channel blocker,
pyrrolidine dithiocarbamate (PDTC), upon endothelial cells under conditions of intermittent and/or continuous hypoxic exposure.
Methods Polymorphonuclear neutrophils co-cultured with human umbilical vein endothelial cells were subjected to the follow-
ing conditions: intermittent normoxia (IN), intermittent hypoxia (IH), continuous hypoxia (CH), intermittent with continuous
hypoxia (OS), OS+Tempol (OS+T), or OS+PDTC (OS+P) for 2, 5, or 8 h. Inflammatory factors, TNF-α and IL-6, the adhesion
molecule, ICAM-1, CAT activity, and MDA concentrations in supernatants from the co-culture as well as pro- (Bak) and anti-
(Bcl-xl) apoptotic gene expression levels in the endothelial cells were determined.
Results Inflammatory factors, adhesion molecules, oxidative stress, and apoptosis genes in all groups showed significant, time-
dependent increases as compared with the IN group. TNF-α, IL-6, ICAM-1, and MDA levels in the OS group were increased,
while CATwas decreased as compared with that observed in the IH, CH, OS+T, and OS+P groups. Bcl-x1 expression and Bcl-
x1/BAK ratios were decreased and BAX increased in the OS versus IH, CH, OS+T, or OS+P groups. Both pro- and anti-
apoptotic proteins showed time-dependent increases, while the Bcl-x1/BAK ratio decreased over these times. Tempol and PDTC
partially prevented these effects.
Conclusion Inflammation, oxidative stress, and apoptosis are all involved in vascular endothelial injury induced by OS. Anti-
inflammatory and anti-oxidative interventions can partially improve effects of OS.
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Introduction

Obstructive sleep apnea (OSA) and chronic obstructive pul-
monary disease (COPD) are the two most common chronic

respiratory diseases, and their coexistence is referred to as
respiratory overlap syndrome [1]. While it is known that vas-
cular endothelial injuries are present in COPD and OSA pa-
tients, endothelial dysfunction is more serious in overlap syn-
drome patients and is related to the severity of the disease [2].
It has been reported that patients with overlap syndrome have
higher rates of cardiovascular events and mortality compared
with patients with COPD or OSA alone [3, 4]. The incidence
of overlap syndrome is about 1% in people over 40 years of
age [5]. With such a high incidence involving a large patient
population, it is critical to conduct more in-depth and compre-
hensive investigations on the mechanisms of this condition.
Studies on overlap syndrome have mainly focused on the
clinical and epidemiological aspects, with few directed at ex-
amining the pathological mechanisms, especially at the
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cellular level. The goals of this study were to investigate (1)
the interactions between neutrophils and vascular endothelial
cells under conditions of intermittent and/or continuous hyp-
oxic exposure, (2) the underlying mechanisms as related with
abnormal apoptosis of endothelial cells, and (3) the potential
intervention strategies for the treatment of overlap syndrome.
The findings from this study provide important new theoreti-
cal and experimental evidence for understanding the patho-
genesis and potential for development of intervention strate-
gies for overlap syndrome patients complicated with cardio-
vascular disease.

Vascular endothelial cells play an important role in ensuring
a normal function of blood vessels. Under normal conditions,
endothelial cells are in an inactive state, which enables them to
resist the aggregation and adhesion of circulating blood cells. In
this inactive state, the expression of adhesion molecules within
neutrophils and endothelial cells remains at basal levels.
However, hypoxia can produce a dysfunction of vascular endo-
thelial cells, which can further exacerbate cardiovascular and
cerebrovascular diseases and systemic damage [6]. Cell inter-
actions play an important role in this process of vascular endo-
thelial cell injury, especially with regard to the interaction
among the inflammatory cells, polymorphonuclear neutrophils
(PMN), and vascular endothelial cells, which represent key
components of endothelial cell injury. For example, Kent
et al. [7] reported that intermittent hypoxia activates PMN,
which increases reactive oxygen species (ROS) production
and enhances the adhesion of PMN to vascular endothelial
cells. Intermittent hypoxia also activates endothelial cells and
promotes the activation of inflammatory pathways of pro-
inflammatory factors, inflammatory chemokines, and adhesion
molecules, which further promotes PMN adherence to endothe-
lial cells. In addition, PMN releases inflammatory cytokines,
proteolytic enzymes, and leukotrienes, and increases ROS pro-
duction within vascular endothelial cells, thus accelerating cell
injury and apoptosis. Hypoxia also increases the expression of
ICAM-1, which mediates the migration of PMN to endothelial
cells, thus inhibiting PMN apoptosis [8]. Therefore, it is be-
lieved that the longer PMN remains active at the site of inflam-
mation, the greater the number of harmful substances that can
be produced, which then enhances the inflammatory response
and damage to vascular endothelial cells. Endothelial cell dam-
age may also result from multiple factors like an unbalanced
oxidation/antioxidation state and contact/adherence of inflam-
matory factor-induced endothelial cell damage to endothelial
cells as well as the activation of various transcription factors.

We hypothesized that interactive effects may exist between
PMN and vascular endothelial cells under conditions of hypoxia
to produce endothelial cell damage resulting from mechanisms
involving inflammation and oxidative stress. As overlap syn-
drome involves both intermittent and persistent hypoxia, it seems
likely that endothelial cell injury would be worse under hypoxia
mode conditions consisting of an intermittent+continuous

exposure to hypoxia. To test this hypothesis, in the current study,
we assessed responses of inflammatory factors and oxidative
stress, as well as expression levels of apoptosis-related proteins,
under different conditions of hypoxia in co-cultured endothelial
cells and neutrophils. In addition, to investigate whether anti-
inflammatory and antioxidant agents can delay the apoptosis in
endothelial cells and protect vascular endothelium cells, we test-
ed the effects of anti-oxidation and anti-inflammatory interven-
tions, as achieved by treating these co-cultures with the antioxi-
dant, Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine), or
NF-κB inflammatory channel blocker, pyrrolidine dithiocarba-
mate (PDTC). Results from this study provide some new and
important information on the mechanisms of pathogenesis and
potential interventions for overlap syndrome patients complicat-
ed with cardiovascular disease.

Materials and methods

Cell preparation

Extraction of PMN Healthy adult volunteers, who were seen
for a physical examination at the Tianjin Third Central
Hospital - Branch Hospital, were recruited for this study.
Informed consents were obtained from all healthy volunteers.
The following conditions were criteria for exclusion from this
study: (1) previous history of respiratory, cardiovascular, or
nervous system diseases, or any organic diseases such as liver
or kidney disease; (2) patients with the potential for COPD as
determined through reviewing their medical history, physical
examination results, chest X-ray, and pulmonary function
tests; and (3) self-reported history of sleep snoring, apnea, or
sleepiness during the daytime. A peripheral venous blood
sample (40 ml) was drawn from the volunteers after they
had fasted for at least 8 h. A two-layer Ficoll-Histopaque
density gradient centrifugation (Histopaque 1.077 and 1.119,
Sigma-Aldrich) was used to separate PMN from blood sam-
ples. The PMN purity was greater than 96%, and the survival
rate, as determined by trypan blue staining, was greater than
99%. PMN cells were resuspended in RPMI-1640medium for
further experimentation.

Preparation of human vascular endothelial cells In this study,
a human umbilical vein endothelial cell line EA.hy926 was
produced by hybridizing human umbilical vein endothelial
cells (HUVEC) with the epithelial cell line a549. The cryo-
preserved human umbilical vein endothelial cells were first
resuscitated in a water bath followed by placement in a flask
containing RPMI-1640 medium (Gibco, USA) with 10% fetal
bovine serum (FCS), 100 U/mL penicillin, and 100 μg/mL
streptomycin. Cells were cultured in a 5% CO2 and 37 °C
incubator with saturated humidity. After two to three passages,
cells in the logarithmic growth phase were collected, washed
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in PBS buffer, and digested with 2.5 g/L trypsin and 2 g/L
EDTA (Gibco, USA). The cells were arranged into a single
cell suspension with use of a pipette. The cell concentration
was then adjusted to 3 × 106/ml with RPMI-1640 medium
containing 10% FCS. The cell suspension was inoculated in
a 6-well plate with 1 ml/well followed by incubation for 48 h
at 37 °C, 5% CO2 in the incubator with saturated humidity.
After cells adhered to the flask wall, a serum-free medium
(pH 7.4) was used to rinse and change the medium to the
serum-free medium (1 ml/well).

Co-culture of PMN and endothelial cells Purified PMN were
resuspended in RPMI-1640 medium at a cell concentration of
1 × 106/ml and then added to the endothelial cell culture plate
with 1 ml PMN cell suspension/well. The ratio of PMN to
endothelial cells was 10:1. Co-cultured cells in the 6-well
culture plates were then placed in the incubator for 4 h at
37 °C and 5% CO2. The cells were subsequently grouped
(six culture plates per group) for further experimentation.
After the groups were exposed to the various treatment con-
ditions described below, the supernatant was collected, cells
were washed with PBS, and the adherent endothelial cells
were collected. The supernatant and endothelial cells were
frozen at − 80 °C for further experiments. The experiments
were repeated six times.

Experimental design and methods

Exposure device The Visual C language programming pro-
gram (owned and operated by the Department of Respiratory
Diseases of the Tianjin Medical University General Hospital)
was used in the respiratory simulation system 1.0 (Copyright:
Feng Jing, Tianjin, China, 2005). With this device, it was
possible to control the intermittent hypoxia/reoxygenation cy-
cle times. The predesigned program in the microcontroller
chips controlled the solid-state relay and indirectly controlled
the on/off of the solenoid valve, thus controlling the onset and
offset of premixed gas flow. The cell culture chamber was
designed and manufactured at the Tianjin Medical
University General Hospital. The culture chamber was main-
tained at 37 °C, with a humidity ranging from 45 to 70% and a
sterile environment using a thermostat, a heating humidifier,
and a microporous membrane.

Experimental groups Extracted PMN cells were co-cultured
with endothelial cells and exposed to hypoxia for 2, 5, or 8 h.
For each time period, cells were treated with different oxygen
supply conditions and were divided into the following groups:
(1) intermittent normoxia (IN), (2) intermittent hypoxia (IH),
(3) continuous hypoxia (CH), (4) intermittent and continuous
hypoxia (OS), (5) OS+the antioxidant, Tempol (1 × 10−6mol/L,
Sigma-Aldrich, OS+T), and (6) OS+the NF-κB inflammatory
channel blocker, PDTC (10 μmol/L, Sigma-Aldrich, OS+P).

Cells in the IN group served as the control group and were
exposed to 21% O2 for 15 s and then continued with the 21%
O2 for 3 min 45 s (i.e., a total of 4 min). Cells in the IH group
were exposed to 1.5% O2 for 15 s and then 21% O2 for 3 min
45 s. Cells in the CH group were exposed to 10% O2 for the
entire 4 min period. Cells in the OS group were exposed to
1.5% O2 for 15 s and then 10% O2 for 3 min 45 s. The self-
made cell culture chamber capacity was 1.8 L, elution flow rate
was 0.083 L/s, and the measured elution time was approximate-
ly 30 s. All groups of cells were washed for 30 s before expo-
sure periods and were incubated under 5% CO2. Cells exposed
to hypoxia for 2, 5, or 8 h indicate the specific oxygen supply
conditions that were applied in the cells for 24, 60, and 96 cy-
cles, respectively, with 5 min for each cycle (4 min for oxygen
exposure and 2 × 30 s for the washing period). This hypoxia gas
exposure device has been shown to effectively induce hypoxia
within a variety of cell culture hypoxic exposure models. In this
way, the conditions produced in this model are similar and of
relevance to the pathophysiology present at the systemic and
cellular levels of this disease [9].

Test indicators

The inflammatory factors IL-6 and TNF-α and adhesive mole-
cule, ICAM-1, were determined in the extracted supernatant with
use of the double-antibody sandwich enzyme-linked immunosor-
bent assay (ELISA) (USA R&D Systems, Inc.) according to the
kit instructions. The activity of catalase (CAT) and the concentra-
tion of malondialdehyde (MDA) were determined with the use of
the chemical reagent method (Nanjing Jiancheng Bioengineering
Research Institute) according to the kit instructions.

Real-time quantitative PCR (qRT-PCR) was used to assess
gene expression of the pro-apoptotic gene, Bak, and anti-
apoptotic gene, Bcl-xl, in endothelial cells. Extracted endothelial
cells were removed from the − 80 °C freezer, and after being
dissolved, the total RNAwas extracted using TRIzol according
to the kit instructions (Invitrogen, USA). RNA concentration
was determined with use of Thermo NanoDrop2000. Total
RNA (200 ng) was subjected to reverse transcription reaction
using M-MLV reverse transcriptase (Promega Leiden, USA).
The reverse transcription product was used as a template and
SYBR Green I (AMBION, USA) as a fluorescent dye to per-
form real-time fluorescent quantitative PCR. Primer sequences
for Bak were the fo l lowing: forward 5 ′ -CCCA
GGACACAGAGGAGGTTT-3′ and reverse 5′-GCCT
CCTGTTCCTGCTGATG-3′. The amplified fragment length
was 65 bp. Primer sequences for Bcl-xl were the following:
forward 5′-TGCGTGGAAAGCGTAGACAA-3′ and reverse
5′ -ATTCAGGTAAGTGGCCATCCAA-3′. The amplified
fragment length was 75 bp. Primer sequences for GAPDHwere
the following: forward 5′-AACAGCCTCAAGATCATCAG
CA-3′ and reverse 5′-CATGAGTCCTTCCACGATACCA-3′.
The amplified fragment length was 102 bp.
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Statistical analysis

Data were expressed as mean ± standard deviation.
Comparisons among groups were performed using one-way
analysis of variance, while those between two groups with use
of t tests using SPSS19.0 software. A P = 0.05 was required
for results to be considered as statistically significant.

Results

Comparisons of inflammatory factors and adhesion
molecules in the supernatant

Within the 2-h hypoxic exposure groups, levels of the inflamma-
tory factors TNF-α and IL-6 and adhesion molecule, ICAM-1,
were all significantly increased as compared with those in the IN
group (P < 0.05; Fig. 1). Significantly increased levels of TNF-α,
IL-6, and ICAM-1 were present in the OS group as compared
with those observed in the IH and CH groups (P < 0.05). The
antioxidant, Tempol, or the NF-êB inflammatory channel
blocker, PDTC (OS+T and OS+P group), significantly reduced
the levels of TNF-α, IL-6, and ICAM-1 induced byOS exposure
(P < 0.05). TNF-α, IL-6, and ICAM-1 levels in the IH group,
while increased as compared with that of the CH group, failed to
achieve a statistically significant difference. Similar trends were
observed in the 5-h and 8-h exposure groups, with the exception
that the overall levels of TNF-α, IL-6, and ICAM-1 were in-
creased with these extended exposure times. Tempol or PDTC
treatment significantly reduced the levels of TNF-α, IL-6, and
ICAM-1 induced by OS exposure as determined at 5 h or 8 h
after hypoxic exposure (P < 0.05). Levels of TNF-α, IL-6, and
ICAM-1 in the IH, CH, OS, OS+T, and OS+P groups at 8 h after
hypoxic exposure were significantly greater than that obtained
after 2 h of exposure (P < 0.05). These results suggest that in-
flammatory responses represent a major factor underlying time-
dependent OS-induced cell damage. Anti-inflammatory and anti-
oxidative intervention significantly reduced this hypoxia-induced
damage.

Comparison of oxidative stress markers
in the supernatant

Within the 2-h hypoxic exposure groups, CAT activity was
significantly decreased, and MDA concentrations significant-
ly increased in the CH, IH, and OS groups as compared with
that in the IN group (P < 0.05; Fig. 2). CAT activity in the OS
group was significantly decreased as comparedwith that in the
IH and CH groups (P < 0.05). Tempol or PDTC treatment
significantly inhibited the reduction of CAT activity induced
by OS (P < 0.05). MDA concentrations in the OS group were
significantly increased as compared with that in the IH and
CH groups (P < 0.05). Tempol or PDTC treatment

significantly reduced the increases in MDA concentration in-
duced by OS (P < 0.05). Compared with the CH group, CAT
activity in the IH group was decreased and MDA concentra-
tions increased. Within the 5-h and 8-h exposure groups, CAT
activity and MDA concentration changes showed a similar
trend as that obtained with the 2-h exposure groups; however,
these longer exposure times resulted in overall higher levels of
MDA and lower levels of CAT. Tempol or PDTC treatment

Fig. 1 Levels of TNF-α (a), IL-6 (b), and ICAM-1 (c) as a function of
different conditions and exposure times of hypoxia. a-P < 0.05, aa-
P < 0.01 compared with IN; b-P < 0.05, bb-P < 0.01 compared with IH;
c-P < 0.05, cc-P < 0.01 compared with CH; d-P < 0.05, dd-P < 0.01 com-
pared with OS; f-P < 0.05, ff-P < 0.01 compared with 2 h; g-P < 0.05, gg-
P < 0.01 compared with 5 h
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significantly inhibited OS effects on CAT activity and MDA
concentrations after OS exposure for 5 h or 8 h (P < 0.05). At
the 8-h exposure time period, the CAT activity and MDA
concentrations in the IH, CH, and OS groups were significant-
ly different from that obtained in the 2-h exposure group
(P < 0.05). CAT activity and MDA concentrations in the
OS+T and OS+P groups were similar between 8 h and 2 h
of hypoxic exposures. These findings suggest that the OS
group exhibited a severe, time-dependent oxidative stress re-
sponse as compared to the other groups. Anti-inflammatory
(Tempol) or anti-oxidation (PDTC) intervention significantly
alleviated these oxidative stress responses.

Comparison of apoptosis gene expression levels
in endothelial cells

Within the 2-h hypoxic exposure groups, BAK levels were
significantly increased, and Bcl-x1 and Bcl-x1/BAK

significantly decreased in all groups as compared with those
obtained in the IN group (P < 0.05; Fig. 3). Expression levels
of the anti-apoptotic genes, Bcl-x1 and Bcl-x1/BAK, were
decreased in the OS versus that observed in the IH and CH
groups (P < 0.05). The Bcl-x1 gene expression and Bcl-x1/
BAK were increased in Tempol- or PDTC-treated OS groups
as compared to that in the OS group (P < 0.05). Expression
levels of the pro-apoptotic gene, BAK, were increased in the
OS as compared to those in the IH and CH groups (P < 0.05).
Tempol or PDTC treatment inhibited the increase in BAK
gene expression induced by OS (P < 0.05). As compared with
the CH group, expression levels of anti-apoptotic genes were
decreased, and pro-apoptotic genes increased in the IH group.
Results obtained with the 5-h and 8-h exposure groups, in-
cluding OS groups with Tempol or PDTC treatment, were
similar to those of 2-h exposure group. However, again, with
these prolonged hypoxia exposure times, these expressions of
both pro- and anti-apoptotic genes showed accentuated

Fig. 2 Levels of CAT activity (a)
and MDA concentrations (b) as a
function of different conditions
and exposure times of hypoxia. a-
P < 0.05, aa-P < 0.01 compared
with IN; b-P < 0.05, bb-P < 0.01
compared with CH; c-P < 0.05,
cc-P < 0.01 compared with IH; d-
P < 0.05, dd-P < 0.01 compared
with OS; f-P < 0.05, ff-P < 0.01
compared with 2 h; g-P < 0.05,
gg-P < 0.01 compared with 5 h
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responses. These reactions were found to be significantly im-
proved with anti-inflammatory (Tempol) or anti-oxidation
(PDTC) interventions (P < 0.05). These results indicate that
pro-apoptotic genes appear to play a more predominate role
in exerting the effects observed versus that of anti-apoptotic
genes. Moreover, the significant differences obtained between
the 8-h versus 2-h exposure times for both the IH and OS

groups (P < 0.05) suggest that the apoptosis within endothelial
cells of OS group was more prevalent and time-dependent.

Discussion

A common pathophysiological process in COPD and OSA
is hypoxia. While COPD is mainly associated chronic hyp-
oxia, OSA mainly involves intermittent hypoxia. The oxi-
dation and activation/dysfunction of leukocytes resulting
from OSA and COPD can trigger a systemic inflammatory
response and increase the level of inflammatory factors
within the body, eventually inducing a progression to over-
lap syndrome [10]. It has been reported that NF-κB signal-
ing pathways are preferentially activated during intermit-
tent hypoxia, while HIF-1 is preferentially activated in per-
sistent hypoxia [11]. When the intermittent is accompanied
with continuous hypoxic exposure, the downstream gene
for NF-κB and a target gene of HIF-1 express a substantial
number of inflammatory factors [12]. These inflammatory
factors include TNF-α, IL-6, IL-8, and ICAM-1. Such a
plethora of inflammatory factors can synergize or produce
additive effects, thus resulting in more severe endothelial
damage following OS exposure as compared to that
resulting from IH and CH. Consistently, our results show
that the inflammatory factors IL-6, TNF-α, and adhesion
molecule ICAM-1 were increased in the OS versus the IH
and CH exposure groups, suggesting that OS hypoxia ex-
posure induces a more severe inflammatory response. In
this way, IL-6, TNF-α, and ICAM-1, as well as other in-
flammatory factors, may be involved in vascular endothe-
lial injury under OS hypoxia exposure, eventually leading
to systemic multi-system damage in overlap syndrome
patients.

Another important factor involved with vascular endothe-
lial injury induced by hypoxia is oxidative stress. It is well-
known that oxidative stress is a major cause of vascular endo-
thelial injury. The increase of oxidative stress in OSA patients
mainly occurs during the re-oxygenation phase. Increased
ROS can result from either direct effects of oxidative stress
or through lipid peroxidation products activating nuclear
factor-kappa B (NF-κB), which can then increase levels of
downstream inflammatory cytokine targets of NF-κB (e.g.,
IL-6, IL-8, TNF-α) and adhesion molecules (ICAM-1,
VCAM-1) [13]. Increased activity of pro-inflammatory cyto-
kines and adhesion molecules leads to delayed apoptosis of
PMN, accelerated apoptosis of endothelial cells, and ultimate-
ly vascular endothelial inflammation [14, 15]. The oxidative
stress observed in COPD patients includes increased oxides,
decreased oxidative damage repair capacity, and reduced ox-
ide active media clearance [16]. Inflammatory cells such as
PMN, macrophages, and eosinophils are important sources of
oxide production [17]. Therefore, an essential component of

Fig. 3 Expressions of BAK (a), Bcl-xl (b), and Bcl-xl/BAK (c) as a
function of different conditions and exposure times of hypoxia. a-
P < 0.05, aa-P < 0.01 compared with IN; b-P < 0.05, bb-P < 0.01 com-
pared with CH; c-P < 0.05, cc-P < 0.01 compared with IH; d-P < 0.05,
dd-P < 0.01 compared with OS; f-P < 0.05, ff-P < 0.01 compared with
2 h; g-P < 0.05, gg-P < 0.01 compared with 5 h
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systemic oxidative stress and inflammation resulting from
COPD involves an activat ion of circulating pro-
inflammatory cells, such as PMN, and macrophages.
Activated inflammatory cells release increased levels of en-
dogenous oxides [18]. Thus, as demonstrated within our cur-
rent study, we propose that the OS mode of hypoxic exposure
can be a significant factor in endothelial damage. In this way,
the combination of intermittent and continuous hypoxia may
lead to more severe inflammation and oxidative stress, de-
layed PMN apoptosis, and endothelial damage. Oxidative
stress can be reflected by several markers. The lipid peroxida-
tion product, MDA, can indirectly reflect levels of cellular
oxidative stress levels, while CAT catalytically decomposes
hydrogen peroxide to protect cells from oxidative stress dam-
age caused by ROS. In this study, we show that the OS group
had lower levels of CAT activity and higher levels of MDA
concentrations as compared with that of the IH or CH groups,
indicating that more oxidative stress would be present in the
OS group.

Results obtained from a rat model of OS as induced by IH
and smoke exposure revealed that a greater degree of systemic
inflammation and oxidative stress was detected as compared
with that observed in IH-exposed rats or the rat model of
emphysema induced by smoke exposure, suggesting the pres-
ence of an additive effect [19]. Consistently, our current find-
ings show that, at the cellular level, maximal inflammatory
injury and oxidative stress occur in the OS group, as well as
more severe damage to endothelial cells, effects which are
time-dependent. Therefore, it appears that the interaction be-
tween neutrophil and endothelial cells can induce the inflam-
mation and oxidative stress involved in vascular endothelial
cell injury resulting from OS hypoxia.

It has been well established that the Bcl-2 gene family is
involved in apoptosis [20]. Bcl-xl and bak, which belong to
the Bcl-2 family, are widely expressed in various tissues
within the human body. Bcl-x1 inhibits apoptosis by
forming a heterodimer with bak, and the ratio of these
two genes determines whether cells will undergo apoptosis
or not. OSA patients have significantly increased densities
of serum endothelial cell apoptosis, and hypoxia plays an
important role in mediating this endothelial apoptosis [21].
Hypoxia is also associated with abnormal endothelial vaso-
dilation and initiates atherosclerosis [21]. The accelerated
and time-dependent apoptosis seen in endothelial cells in
response to OS hypoxia within our current experiment sug-
gest that apoptotic genes play an important role in the
pathogenesis of vascular endothelial cell injury induced by
OS hypoxia.

Tempol is a superoxide dismutase mimetic that directly
scavenges oxygen radicals. Accordingly, it can alleviate
ischemia-reperfusion injury of tissues and organs and inhibit
the oxidative damage of inflammatory responses. In specific,
Tempol reduces damage resulting from exogenous ROS

within cultured cells and ischemia-reperfusion injury within
the brain and liver [22, 23]. It has been reported that in animal
models, tempol can partially protect cardiovascular dysfunc-
tion resulting from overlap syndrome [24]. Here, we show that
the antioxidant, Tempol, was effective in diminishing oxida-
tive stress damage and improving endothelial function by
scavenging ROS. We also tested the effects of PDTC, a metal
chelating agent with anti-inflammatory effects. PDTC can in-
hibit the phosphorylation and degradation of IκB by affecting
the production of pro-inflammatory cytokines, which further
inhibits the activation and function of NF-κB [25]. Inhibition
of NF-κB expression can partially inhibit inflammatory re-
sponses [26]. Our current results show that the levels of in-
flammatory factors, oxidative stress, and apoptosis gene ex-
pression were all improved in the OS+T and OS+P as com-
pared to the OS group. These findings indicate that anti-
inflammatory and anti-oxidative treatment can partially inhibit
inflammation and oxidation and endothelial cell apoptosis,
thereby slowing vascular endothelial injury. Accordingly,
our findings may provide a new and important theoretical
basis for the clinical application of anti-inflammatory or
anti-oxidant treatment of cardiovascular complications
resulting from overlap syndrome.

In summary, neutrophil and vascular endothelial cell inter-
actions resulting from OS hypoxia can increase pro-
inflammatory cytokines, aggravate inflammatory responses,
and oxidative stress, thereby accelerating vascular endothelial
cell apoptosis. In this way, inflammatory responses, oxidative
stress, and apoptotic genes are all involved in vascular endo-
thelial injury induced by OS, which represents the pathogen-
esis of overlapping syndromes complicated with cardiovascu-
lar disease. While application of anti-inflammatory and anti-
oxidant interventions cannot completely reverse this endothe-
lial cell damage, these treatments can partially reduce inflam-
matory responses, regulate the oxidation/antioxidant imbal-
ance, and reduce the apoptosis of vascular endothelial cells.
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